The effect of zinc on erythropoietin (EPO) synthesis in HepG2 cells was investigated. The increase in EPO synthesis induced by Co2l (50 zIM), Ni2+ (300 /LM) or oxygen (1 % 02) was inhibited by the presence of ZnCl2 (50-150 /LM) in the tissue-culture medium, whereas basal EPO synthesis was unaffected. The effect was reflected by corresponding changes in the EPO mRNA level. These effects of zinc on EPO synthesis could not be mimicked by CdCl2 ( < 2 /tM). Addition of FeCl3 to the medium appeared to decrease the inhibitory effect of zinc on hypoxia-induced EPO synthesis, implying that zinc may interfere with an iron-dependent step in EPO regulation.
INTRODUCTION
The human hepatoma cell lines HepG2 and Hep3B can be utilized to study the regulation of the glycohormone erythropoietin (EPO). As in whole animals, EPO expression in these cells can be positively modulated by exposure to low oxygen partial pressure or by treatment with CoCl2 (Goldberg et al., 1987; Ueno et al., 1989) . Studies with Hep3B cells revealed that, in addition to Co2+, Ni2l and Mn2+ also can stimulate EPO synthesis, whereas Zn2+ was ineffective (Goldberg et al., 1988) . The importance of iron and haem for the oxygen-dependent regulation of EPO suggests a haem protein to be involved in this process (Goldberg et al., 1988) . Co2+, Ni2l and Mn2+ are supposed to stimulate EPO synthesis by substituting for the haem iron and, hence, locking this protein in its deoxygenated state. The latter is assumed because of results obtained from an analysis of the oxygen-binding activity of metallo-hybrid haemoglobins. It showed that Co2+-, Ni2+-or Mn2+-protoporphyrin IX in such hybrid haemoglobins binds oxygen only with low affinity (Shibayama et al., 1986a) . However, this study also demonstrated a similar low affinity of Zn2+-Fe2' hybrid haemoglobins to oxygen (Shibayama et al., 1986b) . Therefore the failure of Zn2+ to induce EPO synthesis seems to be obscure. Possibly the function of the metal ion in the putative haem protein is more complex than in haemoglobin. For example, the metal ion might have to undergo a change of its oxidation state in order to initiate the alteration of the protein conformation. In contrast with its neighbouring transition metals, zinc is known to be inert to oxidoreductions (Vallee & Auld, 1990) . There are also several examples that show that the action of zinc on proteins may differ from that of, e.g., cobalt, such as the 'zinc-finger'-containing aryl hydrocarbon receptor that was unable to bind to its corresponding DNA sequence when Zn2+ was displaced by Co2, (Saatgioglu et al., 1990) or the ferritin repressor protein that was inactivatable by Co3+-or Fe3+-, but not by Zn2+-protoporphyrin (Lin et al., 1990) . Moreover, other examples even reveal that Co2+ and Zn2+ can have opposite effects on proteins. These are enzymes such as the z-mannosidase from rat epididymis (Dutta & Majumder, 1984) , the alkaline phosphatase from bovine polymorphonuclear neutrophils (Yasuura et al., 1985) or the hepatic UDP-glucuronosyltransferase (Aitio et al., 1980) (1988) . The cells of each flask were trypsin-treated and resuspended in culture medium. The cell number was measured by using a Neubauer chamber. EPO synthesis per cell was calculated from the immunoreactive EPO secreted and from the average cell number, which was estimated from the initial and final cell numbers.
RNA extraction and blotting
Total RNA was isolated as described by Birnboim (1988) with some modifications. Cells were seeded as described above. After 24 h of incubation under normoxia or hypoxia the medium was decanted and the cell layer of each flask washed with 5 ml of phosphate-buffered saline (PBS; 10.1 mM-Na2HPO4/1 .8 mm-KH2PO4/136.9 mM-NaCl/2.6 mM-KCl, pH 7.4, without Ca2+
Abbreviations used: EPO, erythropoietin; PBS, phosphate-buffered saline; GTC, guanidinium thiocyanate; SSC, saline/sodium citrate; r.i.a., radioimmunoassay. Because of similar properties cadmium is able to mimic the effect of Zn2+ on some biological processes. For example, HepG2 can be treated with 2 4uM-CdCl2 in place of 100 ,tM-ZnCl2 to yield a similar fold induction of metallothionein-gene expression (Gedamu et al., 1987 ). Therefore Cd2+ was tested for its ability to influence EPO synthesis in a Zn2+-like manner. However, CdCl2 at concentrations of up to 2 /tM failed to affect EPO synthesis under hypoxia and only slightly reduced EPO synthesis in Co2+-treated cells (Table 3 ). Cd2+ was not tested at higher concentrations because cell growth was then negatively affected.
EPO synthesis in the presence of iron Iron seems to be essential for oxygen-dependent EPO regulation (Goldberg et al., 1988) . Zn2+ may interfere with the irondependent step. To study this, FeCl3 was added to the culture medium. Supporting the hypothesis, it resulted in a dosedependent reduction of the Zn2+-dependent inhibition of hypoxia-induced EPO synthesis (Table 4) . However, since iron was synergistic with hypoxia in inducing EPO synthesis (Table  4) , it cannot be excluded that the effects of zinc and iron on EPO synthesis were independent of each other. On the other hand, addition of FeCl3 also reduced the stimulatory effect of Co2+ (Table 5 ). This result and the finding that Zn2+ completely inhibited Co2+-induced EPO synthesis implies that the reduced effect of Zn2+ in the presence of iron more likely reflected interference of iron with the effect of zinc.
The bioavailable form of iron here may have been transferrinbound iron or iron chelated by amino acids or albumin or the more soluble Fe2+ ion derived from Fe3`by reduction. The Fe2+ concentration may vary depending on the oxygen concentration, possibly leading to significant differences in the effective iron concentration. Hence, the effects of iron on EPO synthesis can only be compared when the results were obtained under the same oxygen pressure, i.e. in the presence versus in the absence of Co2+ under normoxia and in the presence versus in the absence of Zn2+ under hypoxia.
DISCUSSION
The studies presented here demonstrate that, in the presence of Zn2+, hypoxia-, Co2+-and Ni2+-stimulated EPO synthesis in HepG2 cells was strongly reduced or abolished, whereas basal EPO synthesis remained unaffected. Like Co2+ and Ni2+ (Goldberg et al., 1987 (Goldberg et al., , 1988 , Zn2+ altered EPO synthesis mainly by affecting the level of EPO-specific mRNA. Since EPO synthesis seems to be mainly regulated on the RNA level by modulation of both the transcriptional activity (Goldberg et al., 1989; Beru et al., 1990; Costa-Giome et al., 1990; Semenza et al., 1991) and the mRNA stability (Rondon et al., 1991) , it implies that Zn2+ may have acted directly on the EPO regulatory mechanism. If so, the finding that Zn2+ also affected Co2+-and Ni2+-induced EPO synthesis may suggest that Zn2+, Co2+ and Ni2+ attack the same target, which may be the iron-binding site of a putative oxygensensing haem protein (Goldberg et al., 1988) . Consistent with this view we found that addition of iron reduced the Co2+-induced EPO synthesis and appeared also to reduce the inhibitory effect of Zn2+ on hypoxia-induced EPO synthesis.
The effect of iron on EPO synthesis was unexpected, since the intracellular content of iron is normally kept constant through a transferrin-receptor-regulatory mechanism (Owen & Kuhn, 1987; Casey et al., 1988) . Therefore cells might have been irondepleted or, alternatively, they might have taken up iron by a transferrin-independent iron-transport system that is independent of cellular iron requirements (Sturrock et al., 1990; Kaplan et al., 1991 An inhibition of haem biosynthesis would also lead to a strong reduction of EPO synthesis under hypoxia as found with Hep3B cells (Goldberg et al., 1988) . Some metal ions, including Zn2+, Ni2+ and Co2+, are known to be potential inhibitors of aminolaevulinate synthase (Iwasa et al., 1989) , the rate-limiting enzyme in the hepatic haem-biosynthetic pathway. However, in vivo, only Co2+ was capable of inhibiting haem biosynthesis in rat liver (De Matteis & Gibbs, 1977; Sinclair et al., 1979) .
Co2+-and Ni2+-induced EPO synthesis might have been indirectly affected by zinc in such a way that zinc interfered with the transport of these metal ions into the cell. In hepatocytes, to which HepG2 cells are closely related, two bivalent-cation inflow systems have been found, a basal one and a receptor-activated one, each of which has a broad range of specificity for metal ions, including Zn2+, Ni2+, Co2+ and Cd2+ (Crofts & Barritt, 1990) . However, it is not yet known whether these transport systems allow one metal ion to interfere with the transport of another one. In contrast, such an interference could be demonstrated for the transferrin-independent ion (Fe2+/Fe3+)-transport system, which also seems to be capable of transporting other transition metal ions, such as Cd2 , into the cell (Sturrock et al., 1990) . It was found that the non-transferrin iron uptake can be partially blocked by Cd2+, by Mn2+ (Sturrock et al., 1990) or by Zn2+ (Wright et al., 1986) and that the Cd2+ import can be partially blocked by Fe3+, Ni2+ or Mn2+ (Sturrock et al., 1990) . However, in neither case was a complete inhibition of the transport of one metal ion by another metal ion observed. Thus an inhibition of Co2+ or Ni2+ uptake may partially, but not fully, account for the effect of Zn3+ on Co2+ or Ni2+-dependent EPO synthesis.
In conclusion, it seems that zinc affected stimulated EPO synthesis by acting directly on the EPO regulatory pathway rather than indirectly by influencing other cellular processes. As mentioned above, the present data suggest that Zn2+, Co2+ and Ni2+ attack the same target involved in EPO regulation. If this target is the postulated haem protein, it would be interesting to clarify why, in contrast with Co2+ and Ni2+, Zn2+ obviously inhibits this protein. As discussed above, it might have something to do with oxidoreductions in which the metal ion may be involved. Alternatively, Zn2+ might differ from the stimulating metal ions by the ligands to which it will preferentially bind in the target protein, leading to a conformation that inactivates the protein.
